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Introduction
One of the main factors strongly influencing oil production from thin oil rims is gas and water coning. To avoid unwanted fluids the strategy used in pracdce has been to establish the producer in the oH zone as far away from the unwanted fluids as possible and keeping production rates be!ow critical values. The critical production rates depend on reservoir and fluid parameters and they often are economically ineffective. To some extent the recovery from reservoirs with thin oil zones between a gas cap and bottom water can be improved by horizontal we!! drainage due to reduced coning. In several recent publications practical experience with horizontal weils is reported [2] , [6] , [8] , (9], [10] , [11] .
Haug et al. [7] suggested another solution for the Troil field. By simulations they showed that improved recovery may be obtained by completing the we!! below the water/oil contact. Well !ocation in the water zone will reduce the effect of gas coning. The method relies on a rapid down-coning of oil into the well through the water zone, the "inverse coning" process.
Another physical phenomenon taking place in reservoirs containing gas, au, and water is the movement of oil bank into the gas cap. 1f certain conditions are met (on of which is a !imited size of the gas cap preventing large amount of oi! to be disperced and become immobile) this effect may be used to enhance oil recovery. In this case it may be beneficia! to locate a horizontal well in the gas cap. A strategy with a horizontal wel! location in the gas cap was found to be optimal for homogeneous reservoirs from point of view of the maximal final oi! recovery in our previous publication [151.
A field experience when a vertical weU perforated in the gas cap was used to produce reservoirs with thin. ojl rims, active aquifer, and a gas cap of a fairly limited size is reported by Clovin et al. [3] .
The position of a horizontal well wil! strongly influence oil recovery process during a long time, at the same time information on optima! well location is crucia! before starting drilling a horizontal well. -An eventual benefit associated with choosing a place to locate a horizontal wel! is associated with risc, because the expected oil recovery iricrease depends not on!y on the above mentioned condition that the gas cap should be of a small size, bit also on a big vanetv of réservoir and fluids partameters, like heterogeneity and anisotropy of the reservoir, its thickness, viscosities and densities of fluids, etc. A possibility to generate more or less universal rules concerning how to locate the weils looks problematic in this situation. A positive insight may be obtained from usage of optimization algorihms which are able to account for the specific reservoir and fluids properties.
In this paper we demonstrate how heterogeneity of the reservoir may influence the optimal location of a horizontal well. Two heterogeneous reservoirs are considered: with permeability monotonously increasing and decreasing upwards. In both cases the reservoir consists of an oil zone between a gas cap and bottom water. One injection well is located in the water zone. The reservoir is drained with two horizontal production welis which are located at a specified distance from the injector, their vertical position is unknown. An optimization procedure based on optima! control theory is applied to determine the vertical position of the producers. For a specified development term and fixed injection rate, the position of the production welis and their rates are obtained as a solution of the optimal control problem. This solution should maximize the final oil recovery, which is the objective function for the problem. The optimal well configuration appears to be strongly influenced by both the heterogeneity and the development term.
Since the optimization problem is solved on a coarse grid the obtained solutions are then tested using refined gnid and an industry standard simulator ECLIPSE 100 [4] .
Optimization problem
Formulation. The three phase flow is simulated using a cross section model. Fig. 3 shows a vertical cross section of the reservoir. The length of the reservoir is 2000 meters, the width is 500 meters and the height 50 meters. The gas/oil contact is located 15 meters bellow the top of the reservoir and the water/oil contact is located 15 There are three horizontal wells, one injector and 2 producers in the reservoir. The injectiori well is located in the water zone, its position and flow rate is fixed. The producers are placed at l000m, nd 2000rn away from the injection well. Their horizontal position is fixed and the vertical locations allowed to change in order to obtain maximal recovery. The weils are 500 meters long which equals the total wjdth of the reservoir. The outer boundaries are no flow boundaries. All the three phases are assumed incompressible and immiscible, capillary effects are neglected. (Mathematica! formulation of the model is deseribed in the Appendix).
In order to find vertical positions of the two horizontal welis giving the highest possible oil recovery two unknown function are introduced representing distribution of production rate along the vertical axes ij1 (z), 2(z). These two functions are the control variables of the problem. The unknown functions are independent of time which refleets the fact that the horizontal weilscannot be moved, they should be non-negative, and they must satisfy the following constraint:
which reflects the fact that the overall production and injection rates should be balanced since the reservoir boundaries are impermeable, and fluids are supposed to be incompressible. In addition we specify the constraints of inequality type to avoid irijection at the production welis and vice versa.
After the solution is found, ie., the two production densities i 1 (z) and i 2 (z) are determined, they are substituted by the two welis. The vertical coordinates of the weils are determined as centers of mass by formula:
Solutions. Four cases are considered: two different permeability distributions with two development terms, 5 and 10 years. Let Case 1 be the case of permeability monotonously iricreasing upwards and 5 years development term, Case 2 the same permeability distribution but 10 years development term, Case 3 and Case 4 are permeability decreasing upwards, and 5 and 10 years development period.-
The dimension of the difference grid used is N = 11, N.. = 6, the injector is placed in the left lower corner. The position and flow rate are the sarne for all cases. The producers 1 and 2 are placed at N = 6, Nr = 11. The resulting flow rate distributions are displayed in Figures 1 and 2 . Oil recovery corresponding to the optimal distribution of the production rates for the four cases is as foliows: . Distribution of production rates.: Permeability increases upwards.
3)
Per-. block nwnber term there is no production distributed in the upper half of reservoir, while for the 10 years term the . . Figure 3 : Initial distribution of oil, water and gas in production density corresponding to the first well is -the reservoir. concentrated in the upper half of reservoir for the both assessed types of heterogeneity. For permeability increasing upwards case there is a significant oil -validity of the results obtained by the optimization recovery increase as the development term increases program. from 5 to 10 vears. For permeability decreasing upThree different grids were used (see Table 2 .) wards case this oii recovery increase is a much smal-
The coarse 11 x 6 grid corresponds to the grid ier.
used by the optimization program. The Case 4, permeability decreasing upwards and The first step in the simulation procedure con-10 years term, proved to be a diflicult task for the sists of selecting the grid to be ilsed for all suboptimization program. The unique optimal solusequent simulations. Sensitivity runs show that the tion was difficuit to find because oil recovery after difference between the recovery curves for the 40 x 10 years was quite jrisensitive to the control van-20 and 80 x 40 gnids is small, while the difference ables. This case requires speciai consideration since between the 11 x 6 and 40 x 20 is substantial. the incremental oii recovery is comparable with the For this study the 40 x 20 grid is used to obaccuracy of simulation.
tam simulation resuits for comparison with resülts obtained by the optimization program. The simulations are performed using the black oil simuiator ECLIPSE 100 [4] . The initial fluid distnihution in the reservoir is shown in Fig. 3 . The reservoir injection rate is 2000 m3 /doy for all runs The production rates predicted by the optimization program are used to specify production.
Simulation resuits
The objective of the sirnulations is to check the The two permeability distributions used are presented in Tables 3 and 4 .
The well locations and rates for the producers predicted by the optimization program are given by the Table 5 .
For Case 1 and Case 2 the simulation resuits confirm the outcome of the optimization procedure. As depicted in Figure 4 the recovery curves intersect after 5 years showing that the optimal locations and rates for production wells depend on the development period as forecasted by the optimization program.
The saturation distributions at the end of the deveopment period for Case 1 and Ca.se 2 are shown in Figures 5 and 6 . The interfaces between phase regions are taken to be 50 % saturation contour lines. Figure 7 shows that the recovery after 5 years is higher for Case 3 than for Case 4, which is in agreement with predictions obtained by the optimization program. However, according to the simulation resuits recovery after 10 years for Case 3 is stili higher than for Ca.se 4 while the optimization procedure shows the opposite (see Figure 7) . The reason is that the optimization resuits are obtained using a 11 x 6 grid which turns Out to be too coarse for this problem From comparison of Figures 6 and 9 one may see that in both cases ci! layer between the injector and the first producer is driven up in the gas cap. For the permeability decreasing upwards case more oil is left undisplaced between the injector and the first producer due to slower water front advance upwards. Water fiows mainly through a more permeable lower part and then cones up into the production well.
For permeability decreasing upwards, the final distribution of phases after 10 years with the configuration of welis found optima! for the 5 years development term is shown in Figure 10 . It appears to be similar to the one obtained after 5 years for permeability increasing upwards case ( Figure 5 ). The oil recovery values for those two cases are also close, see Figures 7 and 4.
Discussion
As observed from the simulations, two physical phenomena accompany cii production from an oil reservoir with a gas cap and bottom water: movement of oil bank up into the gas cap and coning. These phenomena strongly influence the location of the first producer. The second producer is only influenced bv coning since it is not reached by the oil bank.
Location of first producer. As denionstrated earlier 1151, [31 in a homogeneous reservoir with a gas cap of a limited size oil production may be strongly enhariced by placing a well into the gas cap, so that the moving cii bank reaches perforations. The ef fect of oil recovery increase appears to be even more pronounced in case of heterogeneous reservoir with a s stematic absolute permeability increase from the bottom to the top. 1f the absolute permeability systematically decreases upwards, placing a well in the gas cap does not work. Dramatical increase in water comng is observed. Because of increased water productiori oil bank movement siows down. For this case higher oil recoverv is ohtained if the producer is located hellow he initial oil-water contact, and oil is produced due to inverse coning.
As one may see, the oil recoverv increase due to optimizalion of the vertical position of a bonzontal well may be quite significant. At the same time an optima! well configuration may dramaticaIlv change as the parameters describing reservoir and fluid properties change. The observed optima! solutions are optima! only for the considered cases. General rules may hardlv be derived. From our point of view, the only tool allowing solution of the optimization problem for the particular reservoir is the usage automatic optimization algorithms sirnilar to the one descnibed in the paper.
Conciusions
1. An optimization procedure based on optimal control theory is outlined. and applied to determineoptimal location and rates of horizontal wells to clevelop a reservoir with an cii zone between a gas cap and bottom water.
2. The optimal well configuration depends on the development erm and on the reservoir heterogenelty. As . .-monstrated. it might be beneficia! to locate the well in water zone, oii zone, or in gas cap depending on both development term and heterogeneity type.
3. In the assesed exarnples It was found beneficial to locate a well in the gas cap if absolute permeahility increases upwards and the deve!-opment term is long enough to allow t.he advancing oil bank to reach the well. 1f absolute permeability increa.ses downwards. andor the development term is not long enough, then higher oil recovery is acheived by placing the well bellow the oil-water contact. Oil in this case is produced due to the inverse coning effect.
4.
The results obtained by the optimization procedure are confirmed using fine grid simulations. The optimal control problem (1)- (5) and (7) is solved by the successive linearization method [5] , [12] , [13] , [14] . We use the standard technique of differentiating functionals, applied in optimal control theory [5] . Introducing conjugate variables p(z, t), i 1 (x, t), 2(X, t), we write conjugate equations:
Nomenciature
1f gravity is neglected, w =wf,i 1,2,v=0.
For this case we obtain the following equations for 1,t'i(x,t), 2(z,t).
i (div w)+ (11)
.,0b Oh
1f one takes into account K -fAT it is dear that this equation coincides with the equation derived in [13] .
For the general case we have
A-
F12_05,
It is necessary to take into account that varying the controls in the general case leads to change of t.he boundary B3 , and the values of saturations remain constant only on the part of the permeable boundary. Moreover, it is assumed, that the permeable boundary, if it exists, is located far enough from sources of perturbations, such that boundary saturations are constant on it, and initial saturations are constant in a sufficiently large neighbourhood of B2 Hence, the variation of saturations on the permeable boundary is equal to zero, though the direction of how across the boundary can change. In this case the following expression for the variation of the functional is valid:
Numerical solution. The numerical solution of the initial equations is received using the IMPES method. The difference schemes applied for the conjugate equations are consistent with the schemes used for the initial equations.
Both for the space-time discretisation introduced for reçeiving difference equations, and calculation of the functionaL and its gradient, it is necessary to introduce a discrete form of the control signals. The controls are assumed to be piece-wise constant funetions of space and time, and the time step for the controls is set constant.
(x,t) = dk(x), q(x,) (13) dk(x)-{ 1 ifkEU -0 otherwise
The introduced form of the controls is sufficiently general. It inciudes both the case of distributed controis (when U contains all numbers of grid blocks), and the case when the controls are concentrated in a fixed number of points, i.e. the co-ordinates of possible location of wells are fixed. Note that fixing the set U substantially effects the solution of the problem. However, this operation can not be made completely formally, because it is necessary to take irito the consideration an information about the structure of the solution. Further, we implement the following heuristic rule: on the first stage a rich enough set of grid blocks U is fixed. Then after the anaiysis of the received solution we go to the second stage with the iimited st of grid blocks where the iocation of welis isailowed.
In the first stage of the horizontal well optimization problem U is specified as a set of straight Lines in vertical direction, thus allowing the fiow rate densities to be functions of the vertical coordinate while the set of horizontal co-ordinates is fixed. The-number of time steps for the cöntrols is 1, which refiects the fact that a horizontal well may not be moved. Therefore, the verticai distribution of the flow rate can not change in time. After receiving the soiution, the same optimization program is run for a second time. Now the positions of the welis are totally fixed, but the flow rates are allowed to change in time.
